We have constructed an episomal shuttle vector which can transfer large (>100 kb) human genomic DNA inserts back and forth between bacteria and human cells and which can be tracked in rapidly dividing human cells using a live cell assay. The vector (p5170) is based on the F factor-derived bacterial artificial chromosome cloning vector used in Escherichia coli, with the addition of the family of repeats element from the Epstein-Barr virus (EBV) latent origin of replication. This element provides nuclear retention in cells expressing the EBV protein EBNA-1. We have subcloned a series of genomic DNA inserts into p5170 and transfected the constructs into an EBNA-1 + human cell line. Episomal mitotic stability was quantitatively analysed using flow cytometry. The episomes were also tracked by time course photography of expanding colonies. A 117 kb episome was retained at ∼2 copies/ cell and could be shuttled unrearranged from the human cells into bacterial cells after 15 months of continuous cell growth. Furthermore, the episome could still be rescued from human cells cultured in the absence of selection for 198 days. Such a trackable E.coli/human cell line shuttle vector system capable of carrying >100 kb of genomic DNA in human cells could prove a valuable tool in gene expression studies.
INTRODUCTION
The recent development of P1-based artificial chromosome (PAC) (1) and bacterial artificial chromosome (BAC) (2, 3) human genomic DNA libraries has greatly aided physical mapping and large-scale sequencing projects. However, PAC and BAC systems have yet to be exploited to their full potential for functional expression studies. There are considerable advantages to be gained from using genes delivered as regions of large genomic DNA, including introns and long stretches of flanking sequences, in transgene expression vectors (4) (5) (6) (7) . Non-coding flanking DNA regions are usually omitted from small cDNAbased expression vectors but may contain controlling elements important for subtle regulation of tissue-specific gene expression (8) .
Functional expression studies in murine cells and in transgenic mice have used BACs (9, 10) and yeast artificial chromosomes (YACs) (4, 6, 11, 12) . Equivalent experiments have not been successfully performed in human cells because it is extremely difficult to obtain stable human cell lines transformed with large fragments of intact DNA (13) (14) (15) (16) . A systematic means to introduce and retain large inserts of genomic DNA in human cells would be a powerful tool in studies of gene expression.
Mammalian artificial chromosomes may prove suitable vectors for expression studies from genomic DNA (17) (18) (19) (20) . An alternative approach may be to develop a shuttle vector which could move large genomic DNA fragments freely between human and bacterial cells. Such a system would allow construct manipulation in bacterial cells, simple preparation of large quantities of purified vector for human cell transfection and a method of reintroducing the vector back into bacteria to assess any construct rearrangement. Episomal vectors based on the mechanisms of stable latent replication and extrachromosomal persistence of the 172 kb human herpesvirus Epstein-Barr virus (EBV) represent a promising large capacity extrachromosomal vector system (21) (22) (23) (24) .
The functional components required for the episomal persistence of EBV-based vectors are the EBV latent origin of replication (oriP) present in cis (25) and expression of the viral protein EBV nuclear antigen 1 (EBNA-1) (26, 27) . The EBNA-1 protein binds to the family of repeats (FR) element, a tandem array of 20 repeats of a 30 bp motif within oriP, and this association promotes nuclear retention (28) . Another region of oriP, the dyad element, acts as the latent replication origin for EBV (29, 30) . Incorporating the oriP elements into plasmid vectors has been shown to allow constructs to remain stably episomal for long periods of time (26) . As an alternative to the whole oriP region being used in these plasmids, the FR can be used on its own if another replication origin is provided, for example, by including human genomic DNA. Randomly cloned pieces of human genomic DNA of an average size of 12 kb have been shown to support replication in FR vectors in human cells expressing EBNA-1 (28) , with a positive correlation in short-term replication assays between replication strength and fragment length over the range 1-24 kb (31) .
Plasmids carrying oriP are maintained as multicopy episomes within human cells and can be easily isolated using techniques to prepare low molecular weight DNA, followed by transfection into competent Escherichia coli cells. Such vectors have been *To whom correspondence should be addressed. Tel: +44 1865 740015; Fax: +44 1865 742187; Email: michael.james@well.ox.ac.uk used in a number of functional cloning studies based on expression from cDNA (32, 33) . The ability to propagate the vector in bacteria provides ease of construct manipulation before introduction into human cells and the plasmid rescue from transfected human cells allows constructs to be assayed for any rearrangements. Until the development of the PAC and BAC cloning vectors the capacity of bacterial cloning systems was limited to ≤40 kb which prevented the development of a large-insert E.coli/human cell shuttle vector. To overcome this the oriP system has been incorporated into the YAC system as a method of shuttling a 90 kb YAC between human cells and Saccharomyces cerevisiae (34) . YAC systems have proved invaluable for physical mapping studies, but are laborious to work with for transfection studies when microgram amounts of purified vector DNA are required.
In contrast to YAC-based systems, we have constructed a shuttle vector system to carry large inserts (>100 kb) of genomic DNA as extrachromosomal plasmids in human and E.coli cells. The vector (p5170) is based on the F factor-derived BAC vector used for cloning large human genomic DNA inserts in E.coli (2) . The vector also includes the FR element from EBV oriP and the enhanced green fluorescent protein (GFP) gene (35) as our reporter system to follow the fate of the plasmid in live human cells. As a reporter gene GFP offers the advantage of being able to track the episomes in live cells using time course photography.
For this study we subcloned a size series of well-characterised human genomic DNA inserts from PAC library clones (1) into the unique NotI site of p5170. The inserts were in the size range 23-105 kb and were taken from a contig previously constructed within the laboratory (unpublished data). Plasmids carrying the large inserts were shown to behave episomally in a manner comparable with small EBV oriP vectors. The large episomes were maintained without rearrangement in most cases as extrachromosomal elements in human cells grown for prolonged periods of time. In the presence of selection a 117 kb episome was present at ∼2 copies/cell, whereas a small oriP vector was maintained at ∼15 copies/cell in the same clonal cell line. In the absence of selection the episomal constructs carrying large inserts of human genomic DNA were lost from actively dividing cells at ∼4% per generation. The 117 kb episome was routinely shuttled unrearranged back into the bacterial host during 15 months of continuous cell culture. The construct could also still be detected in the human cell line after 198 days growing in the absence of selection.
MATERIALS AND METHODS

Plasmid construction
The vector p5170 is based on the NotI-XhoI fragment of the BAC vector pBAC108L (2) , with the addition of three fragments. First, the EBV FR region from the vector pHEBo (36) ; second, the hygromycin-B phosphotransferase (HPH) (36) gene under the control of the Rous sarcoma virus promoter (PRSV); third, the green fluorescent protein (GFP) open reading frame from the plasmid pEGFP-N1 (Clontech) driven by the immediate-early promoter of cytomegalovirus (PCMV). The BAC-based vector p5170 is a low copy plasmid, so the pUC link from pCYPAC2 (1) was added at the unique NotI site, creating p5171, a high copy vector which can be prepared in large quantities. To prepare the vector for large insert cloning p5171 was digested with NotI releasing the 11.9 kb vector; the digested DNA was dephosphorylated and the 11.9 kb band was purified using the Qiaex II Gel extraction kit (Qiagen). To prepare the 55 and 105 kb inserts, 5 µg of PAC DNA from individual library clones was digested to completion with NotI and loaded onto a 2.2 ml sucrose gradient (20-40%, with a 60% cushion). The gradients were spun at 16 000 r.p.m. for 16 h in a TLS-55 swing-out rotor in a Beckman Optima Ultracentrifuge. Following the spin the gradient was fractionated and fractions with only insert present were identified. The insert DNA was ethanol precipitated in the presence of Dextran 40,000 carrier, resuspended and quantified. The 23 kb insert was purified by electroelution from a 1% pulsed field gel electrophoresis (PFGE) agarose gel. The purified inserts were ligated to the prepared vector using standard techniques. Vector p5173 is based on pHEBo (36) with the addition of the PCMV-GFP expression cassette from p5170.
Tissue culture
The SV40-immortalized human male fetal lung fibroblast cell line MRC-5V2 (37) (referred to here as MRC5) was cultured in Dulbecco's modified Eagle's medium (Sigma) supplemented with 10% fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin and 0.1 mg/ml streptomycin. Cells were incubated in a humid incubator at 37_C in 6% (v/v) CO 2 .
Transfections and low molecular weight DNA preparation
Plasmids ≤15 kb in size were transfected into MRC5 cells by electroporation (260 V, 1050 µF and an infinite resistance using the Easyject Plus; EquiBio). MRC5 cells transfected with p410 + were selected with G418 at 1 mg/ml. For the plasmid rescue assays low molecular weight DNA was prepared by an alkaline lysis method from a confluent 10 cm dish as follows. The cells were scraped into 1.5 ml of phosphate-buffered saline (PBS) without Mg 2+ or Ca 2+ and centrifuged at 5000 g for 3 min. The cell pellet was resuspended in 60 µl of STET buffer (8% sucrose, 5% Triton X-100, 50 mM EDTA, 50 mM Tris, pH 8). The cells were lysed with 130 µl of alkaline SDS (1% SDS, 0.2 N NaOH), neutralised with 110 µl of 7.5 M ammonium acetate, incubated on ice for 5 min and spun at 14 000 g for 30 min at 4_C. The cleared lysate was extracted twice with 1:1 phenol:chloroform and once with chloroform and the nucleic acids were precipitated and resuspended in 50 µl TE (10 mM Tris, 1 mM EDTA) containing 5 µg/ml RNase A. For episome rescue, 2 µl of this extract was electroporated into DH-10B ElectroMax E.coli cells (Gibco BRL) which were plated onto LB agar containing either ampicillin (100 µg/ml) or chloramphenicol (12.5 µg/ml). Plasmid DNA was prepared from bacterial colonies using standard methods and analysed by restriction digests and agarose gel electrophoresis. The plasmids p5170, p5179, p5180 and p5176 were transfected into MRC5(p410 + ) cells using calcium phosphate co-precipitation (38) and selected using hygromycin-B at 200 µg/ml, in addition to the 1 mg/ml G418 already present. Individual colonies which appeared were picked and amplified into clonal cells lines, grown in hygromycin-B at 125 µg/ml and 1 mg/ml G418.
Southern blot analysis
DNA extract was prepared from a confluent 10 cm tissue culture dish of MRC5 cells by either the method described by Sun et al. (22) or by a standard genomic DNA preparation method. The DNA was digested with restriction enzymes (New England Biolabs) and the digests were separated on a 0.8% agarose gel. The gel was blotted and the membrane hybridized by standard methods (39) .
Flow cytometric analysis and fluorescence microscopy detection of GFP expression
GFP expression was analysed by flow cytometry at an excitation wavelength of 488 nm using a Beckton Dickinson FACScalibur with associated CellQuest software. 10 000 cells were assayed in each flow cytometric analysis. The episomal rates of loss given in Table 1 are calculated from GFP expression data on days 0 and 24 (p5173), days 0 and 21 (p5179 and p5180) and for days 0 and 22 (p5176, pEGFP-N1, p5170 and p5171), using a first order rate-of-loss model: rate of loss (λ) = (-1/t)(ln N t /N 0 ). N 0 is the percentage green cells at the start of the release experiment and N t is the percentage green cells after t generations. The fluorescence microscopy was carried out using a Nikon Diaphot 300 inverted microscope fitted with a standard FITC filter set. Photographs were taken at 10× magnification with a Nikon 35 mm F801 camera using Fujifilm Provia 400 ASA colour slide film, developed by standard E6 processing.
RESULTS
Vector construction
The vectors used for these experiments are shown in Figure 1 . The size series of vectors was built by subcloning human genomic DNA inserts into the unique NotI site of p5170 (Fig. 1a) from PAC library clones. Vector p5179 carries a 23 kb insert, p5180 carries a 55 kb insert and p5176 carries a 105 kb insert. The PAC clones were taken from a contig previously constructed within the laboratory covering chromosome 11q22-23 (unpublished data). The 55 and 105 kb inserts lie within a completely sequenced region containing the ataxia telangiectasia (ATM) locus (40) . Random fragments of human genomic DNA in this size range are expected to provide replication origins for the episomes in human cells (28) . The vector p5173 (Fig. 1b) is based on pHEBo (36) with the addition of the Pcmv-GFP expression cassette and was included in our study to allow a comparison of the large p5170-based episomes with a regular EBV oriP vector within the same cell culture system.
Transfection of vectors into MRC5 cells
The immortalised human fibroblast cell line MRC-5V2 (37) (referred to here as MRC5) was transfected with the EBNA-1-expressing episomal plasmid p410 + ( Fig. 1c; 30 ) and G418 selection was applied to create an EBNA-1 + cell population. The episomal status of p410 + was confirmed by Southern blotting (see below) and by plasmid rescue into E.coli (not shown).
The ability of p410 + EBNA-1 expression to support oriP function in trans in a cell line under prolonged selection was confirmed by transfecting p5173 into the MRC5(p410 + ) cells, applying hygromycin selection and successfully rescuing both the p410 + and p5173 plasmids back into E.coli cells 25 days later (not shown) from a pooled cell population named MRC5(p410 + ,p5173).
The plasmids p5179, p5180 and p5176 were then transfected into the MRC5(p410 + ) cells. Hygromycin-resistant colonies, which also expressed GFP strongly under fluorescence microscopy, were picked and expanded into clonal cell lines. After 5 months of continuous culture, low molecular weight DNA was extracted from these cell lines and transfected into E.coli which were plated onto LB agar containing either ampicillin or chloramphenicol. Using restriction digest analysis the plasmid DNA preparations from bacterial colonies from the ampicillin plates were compared with p410 + and those from the chloramphenicol plates were compared with either p5179, p5180 or p5176. The p410 + results confirmed its episomal status (not shown) and Figure 2 shows the NotI restriction digest analysis and PFGE of plasmid DNA prepared from the chloramphenicol-resistant E.coli colonies. All three cell lines contained episomes which could be rescued, and were named MRC5(p410 + ,p5179), MRC5(p410 + ,p5180) and MRC5(p410 + ,p5176). In two cases [MRC5(p410 + ,p5180) and MRC5(p410 + ,p5176)] the episomes were intact and unrearranged; in one case [MRC5(p410 + ,p5179)] the episome had undergone rearrangement, increasing the insert size from 23 to ∼37 kb and creating a new NotI site. A stably transfected cell line carrying an integrated form of the p5170 vector not containing any human DNA was also created, and named MRC5(p410 + ,p5170).
Demonstrating autonomous replication of the 117 kb episome
Extrachromosomal DNA was prepared using the method described by Sun et al. (22) from MRC5(p410 + ,p5176) grown in the presence of hygromycin. The presence of episomal DNA was confirmed by performing plasmid rescue of intact, unrearranged p5176 from the extract (not shown). For the replication assay extract DNA digested with XbaI was further digested with either DpnI, Sau3AI or MboI. All three enzymes recognise the same cutting site (GATC), but the activity of DpnI and MboI depends on the methylation pattern of the DNA. DpnI only cuts DNA which retains the bacterial methylation pattern, whereas MboI only cuts DNA which has lost the bacterial methylation by replicating twice in human cells. Sau3AI cuts regardless of the methylation status and acts as a control. The restriction digestion fragments were separated on a 1% agarose gel which was blotted and probed with a 987 bp fragment containing the chloramphenicol resistance (Cm r ) gene from p5170. The appearance of a 1.75 kb band in the MboI digest, not present in the p5176 DNA prepared from E.coli, demonstrates that the p5176 episome is replicating in human cells (Fig. 3a) . The blot was stripped and reprobed with a 2 kb EBNA-1 DNA probe, which shows that p410 + is still present and replicating (Fig. 3b) .
Estimating the copy number of the 117 kb episome
Total genomic DNA was prepared from MRC5(p410 + ,p5176) cells growing in hygromycin and the presence of intact episomes was confirmed by plasmid rescue (not shown). Five micrograms of total MRC5(p410 + ,p5176) genomic DNA was digested with BamHI and the digestion fragments were resolved on a 1% agarose gel alongside a set of 3-fold serial dilutions of BamHI digests of accurately quantified p5171 and p410 + . Prior to gel loading these dilution series standards were pooled together and mixed with 5 µg of BamHI-digested rat genomic DNA. The gel was blotted and probed with the Cm r gene (Fig. 3c) and bands quantified using a Molecular Dynamics PhosphorImager. Vector p5171 was used as the quantitative control in place of p5176 because p5171 DNA is purified twice on caesium chloride density gradients and thus can be quantified much more accurately than can preparations of pBAC DNA. The Cm r gene probe hybridises to a 12 kb band of p5171 and a 14 kb band of p5176. One copy of a 10 kb double-stranded control plasmid is ∼6 pg of DNA in 5 µg of genomic DNA prepared from the hyperploid MRC5 line (modal chromosome number of 60-80 per metaphase spread; 37). Based on these data, p5176 was estimated to be present at ∼2 copies/cell in MRC5(p410 + ,p5176). The blot was stripped and reprobed with the 2 kb EBNA-1 DNA probe (Fig. 3d) and PhosphorImager quantitative analysis showed p410 + to be present at ∼13 copies/cell in MRC5(p410 + ,p5176). The analysis was repeated using an EcoRV digest of 5 µg of total genomic DNA prepared from MRC5(p410 + ,p5176) and compared with an appropriate quantitative dilution series of EcoRV digests in a separate independent assay (not shown). Values of 2 and 16 copies/cell of p5176 and p410 + , respectively, were obtained.
Assessing episomal maintenance in the absence of selection
Episomal maintenance in the absence of selection was assessed in two distinct ways. First, the cell lines were analysed using a flow cytometer to assess the proportion of cells expressing GFP over time. Second, GFP was used to track the fate of the episomes in expanding colonies by time course photography. In both sets of experiments G418 selection was continuous so as to maintain EBNA-1 expression from p410 + .
Flow cytometric analysis
MRC5(p410 + ,p5170) was grown for 115 days of continuous culture in the presence and absence of hygromycin selection. The cells were maintained in an actively growing state by regular passaging in the presence and absence of hygromycin selection. At each passage a sample of cells was taken and the proportion of cells expressing GFP was assessed by flow cytometry. The MRC5(p410 + ) cell line was used as a negative control in each assay to determine the background level of fluorescence. In the absence of hygromycin no loss of GFP expression from integrated p5170 was seen (Fig. 4a) . These data show that in the clone studied the PCMV-GFP expression cassette has not been down-regulated by epigenetic effects, such as DNA methylation, during prolonged periods of cell culture.
The cell lines MRC5(p410 + ,p5173), MRC5(p410 + ,p5179), MRC5(p410 + ,p51780) and MRC5(p410 + ,p5176) were cultured as described above. At the start of the experiment nearly 100% of the cells in each cell line were expressing GFP, causing the peak of GFP fluorescence to shift upwards by three orders of magnitude as compared with the negative control (not shown). The peak of fluorescence shifted downwards over time as the episome was lost from the cell line during continuous growth in the absence of selection. The percentage of cells expressing GFP above background was calculated for each construct at each time point (Fig. 4b-e) . For each episomal construct the rate of loss of episome over the first 3 weeks of growth in the absence of selection was calculated, and is given in Table 1 . Under continuous selection the expression of GFP remains at, or very near to, 100%. A set of control plasmids was also included in the flow cytometric study to provide a rate of loss value in EBNA-1 + MRC5 cells for a plasmid lacking the oriP dyad symmetry element replication origin or a human genomic DNA insert. The control plasmids were the p5170 vector without a human DNA insert, p5171 [a form of p5170 carrying the pUC insert from pCYPAC2 (1) in the NotI cloning site] and pEGFP-N1 (a control plasmid from Clontech lacking FR). The rates of loss of these control plasmids in transient transfections of MRC5(p410 + ) cells are shown in Table 1 . Table 1 . Rates of plasmid loss calculated from the data in Figure 4 and the rates observed for three control plasmids lacking replication origins (see text for details)
Construct
Rate of loss per cell generation (%)
EBV-based episomes After the MRC5(p410 + ,p5173) cell line had been growing in the absence of selection for 45 days, ∼7% of the cells still carried the episome according to the flow cytometry data and it remained possible to rescue the plasmid into E.coli. At this point selection was reapplied to the cell line. After 21 days of reselection, the expression of GFP returned to >90% (Fig. 4b) and it remained possible to rescue p5173 into E.coli. This experiment was repeated on the MRC5(p410 + ,p5176) cell line. In that case after 100 days growth in the absence of selection ∼10% of the cells retained the episome and it was still possible to rescue the plasmid into E.coli. Hygromycin selection was reapplied and after 14 days of reselection the expression of GFP in the reselected line was back to 100% (Fig. 4e) and it remained possible to rescue p5176 into E.coli.
Time course photography of expanding colonies
Cells from the clonal cell lines carrying each episome were plated at low density and isolated colonies were allowed to expand in the absence of hygromycin, but in the continued presence of G418. Individual colonies were followed by photography as they grew over a period of weeks. Figure 5 shows an example of a colony carrying the 117 kb construct expanding in the absence of selection over 38 days. At early times (days 12 and 18) the loss of GFP expression at the edge of the colony can be seen. With time (days 31 and 38), this gives rise to a sectored colony. Strong expression is maintained at the centre of the colony where the cells are either not dividing or are doing so much more slowly than at the edge. No sectored colonies were seen when the MRC5(p410 + ,p5170) cell line expressing stably integrated GFP was used for this assay (not shown).
Assessing the retention of the 117 kb episome by plasmid rescue
While the MRC5(p410 + ,p5176) cell line was being grown in the absence of selection for flow cytometric analysis, low molecular weight DNA preparations were made at several time points to assess if it remained possible to rescue the 117 kb plasmid as the fraction of cells carrying the episome diminished. The number of bacterial colonies obtained from chloramphenicol-resistant (p5176) plasmid rescue fell during the duration of the time course, whereas the efficiency of ampicillin-resistant (p410 + ) rescue remained constant (data not shown). Furthermore, it was still possible to rescue p5176 from the cell line growing in the absence of selection after 198 days without hygromycin, when only 1% of the cells were carrying the episome, as assayed by flow cytometric analysis of GFP expression. After this time point, plasmid rescue of the 117 kb proved impossible and the experiment was terminated. In total, 94 chloramphenicol-resistant plasmid rescue bacterial colonies obtained from the MRC5(p410 + ,p5176) cell line grown for up to 15 months in continuous culture were analysed. All colonies examined contained intact, unrearranged forms of p5176 (not shown).
DISCUSSION
This study has shown that the p5170 vector, based on pBAC108L and incorporating the EBV FR/EBNA-1 system, can act as a shuttle vector carrying large (>100 kb) inserts of human genomic DNA between human and E.coli cells. Using a BAC-based system allows routine manipulation in bacterial cells and efficient recovery of episomes from human cells back into bacteria for further study. Although functional expression of a genomic locus remains to be shown, the system we describe offers considerable potential for gene expression studies. Furthermore, in vitro modification of BACs by mutagenesis (41) and homologous recombination (10) could allow functional analysis in human cells of targeted mutations in both coding regions and non-coding elements such as locus controlling regions, intronic enhancers or silencers (8, 42) . We have shown that episomal plasmid constructs carrying human genomic DNA inserts >100 kb in size can persist intact in human cells replicating autonomously. An episome carrying a human genomic DNA insert of 105 kb was shown to be perfectly stable, persisting for 15 months in continuously passaged cells with no rearrangement. These observations were based on plasmid rescue analysis of nearly 100 chloramphenicol-resistant plasmid rescue bacterial colonies obtained from the MRC5(p410 + ,p5176) cell line. Other reports have also described the episomal maintenance of large constructs in human cells (21, 43) , although the present study is the first time to our knowledge that episomal constructs carrying >100 kb in human cells have been rescued in bacterial cells. Plasmid rescue data shows that the system is a true shuttle vector, defined by the ability to move the vector back and forth between two hosts.
Another study has developed an oriP/EBNA-1 shuttle vector based on YACs in which a 90 kb YAC was successfully shuttled from yeast cells into human cells and back into yeast (34) . The YAC system is based on linear DNA molecules, which have to be converted into the circular form required for EBV episomes.
However, the BAC-derived p5170 vectors are already circular and although they are low copy E.coli vectors, they can be prepared simply at high yield using conventional bacterial plasmid preparations. Another feature of the YAC cloning system is the high proportion (40-60%) of chimeric clones (44) which is not seen in BACs. The BAC cloning system can be used to clone human DNA inserts of up to 300 kb (2) allowing p5170-based episomes to carry all but the largest of human genes as genomic DNA.
In the present study the episomal persistence of the p5170 vectors in cells cultured in the absence of selection was measured by following the expression of the reporter gene GFP in two ways. First, flow cytometric GFP expression assays over time found the rate of episomal loss of the three constructs carrying genomic DNA to be 2-6% per cell division in the absence of selection. The values are comparable with retention rates reported for the large, circular oriPYAC constructs (43) , for other FR-based constructs carrying smaller inserts of human genomic DNA (45) and for smaller, full oriP plasmids (26) , including the p5173 construct used in the current study. Second, GFP was used as a live cell marker to track the fate of the episomes in expanding cell colonies. The episomes were lost from the rapidly dividing cells at the edge of colonies, but remained present in the cells at the centre of the colony which had either stopped dividing or were doing so much more slowly (Fig. 5) . This study is the first time to our knowledge that time course photography of expanding colonies has been used to assess episome stability in human cells.
Copy number assessment of the episomes carrying genomic DNA was carried out as part of the present study. The 117 kb p5170-based episome (p5176) was found to be present at a low copy number of ∼2 copies/cell compared with the smaller, full oriP vector p410 + , present at ∼15 copies within the same clonal cell line. The copy number of p5176 is in agreement with the low copy numbers of 90 and 660 kb extrachromosomal oriPYACs previously reported (43) . The copy number for p410 + is in close agreement with previously published data (30) . In contrast to the high copy of the oriP vectors, the large p5170-based episomes are present at low copy number in the same cells. No attempt was made to assess cell-to-cell variation in copy number of the large episomes, however, it is unlikely to vary significantly given the low average copy number found in the cell line as a whole.
Small overall size, but large cloning capacity, makes the vector a good candidate for gene expression studies and gene therapy protocols. Efficient transfection of the current vector could be achieved through recent developments in mammalian cell transfection, using an inactivated adenovirus carrier (46) or integrin targeting peptides (47, 48) , for example. The EBV episomes incorporating FR and human genomic DNA inserts can function in both human and rodent cell lines (49) , allowing the study of gene expression from the genomic inserts to be carried out in a wide variety of tissue culture and animal model systems. A recent study (21) claimed to show gene expression from a vector carrying a 185 kb insert of human genomic DNA from the human globin locus, however, only a low level of illegitimate β-globin transcription was detectable by reverse transcription-based polymerase chain reaction and globin protein was not detectable by immunoblotting.
The p5170 series of vectors represents a first generation of EBV vectors designed to carry genomic DNA inserts in human cells. Currently the vectors require EBNA-1 expression in trans for episomal function but we are generating new vectors which express EBNA-1 from an open reading frame in cis. Furthermore, it remains to be seen if EBV-based vectors containing large genomic DNA can be packaged efficiently by the in vitro culture system that has been used for viral-only or cDNA constructs (50, 51) . Experiments to this end are currently underway with derivatives of the vector shown in this study. If successful, this would extend the advantages of an infectious viral delivery system to large genomic loci.
